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Abstract We use data from the Aeronomy of Ice in the Mesosphere mission and simulations using the
Whole Atmosphere Community Climate Model to determine the impact of the 23–30 January 2012 solar
proton event (SPE) on polar mesospheric clouds (PMCs) andmesospheric water vapor. We see a small heating
and loss of ice mass on 26 January that is consistent with prior results but is not statistically signiﬁcant. We
also ﬁnd a previously unreported but statistically signiﬁcant ~10% increase in ice mass and in water vapor in
the sublimation area in the model that occurs in the 7 to 14 days following the start of the event. The
magnitude of the response to the January 2012 SPE is small compared to other sources of variability like
gravity waves and planetary waves; however, sensitivity tests suggest that with larger SPEs this delayed
increase in ice mass will increase, while there is little change in the loss of ice mass early in the event. The PMC
response to SPEs in models is dependent on the gravity wave parameterization, and temperature anomalies
from SPEs may be useful in evaluating and tuning gravity wave parameterizations.
1. Introduction
The solar proton event (SPE) of 23–30 January 2012 is one of the two largest in solar cycle 24 and is one of the
12 largest in the last 50 years [Jackman et al., 2014]. Ionization of the atmosphere by solar protons results in an
increase in HOx (H, OH, and HO2) [Swider and Keneshea, 1973] and NOx (N, NO, and NO2) [Crutzen et al., 1975],
which in turn can cause catalytic destruction of ozone [Weeks et al., 1972; Solomon and Crutzen, 1981].
Observations of the January 2012 SPE from the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) show an increase in HOx and NOx and a decrease in ozone in the polar stratosphere and
mesosphere [von Clarmann et al., 2013]. Jackman et al. [2014] also found increases in HOx and decreases in
ozone using data from the Microwave Limb Sounder (MLS) for the same time period. They also modeled
the effects of this SPE using the Goddard Space Flight Center (GSFC) two-dimensional model and found good
agreement with the MLS and MIPAS observations. Based upon simulations with and without the SPE, they
attributed the changes in HOx, NOx, and ozone to the SPE.
Changes in ozone will cause changes in temperature, where lower ozone corresponds to less heating from
solar absorption and thus lower temperatures in the sunlit upper stratosphere and lower mesosphere.
Dynamical changes driven by this cooling in the lower mesosphere will modulate gravity wave ﬂuxes and
induce a reduced upwelling causing less adiabatic cooling (a relative warming) during the polar summer in
the upper mesosphere and lower thermosphere, while Joule and chemical heating have only small effects
in the summer mesosphere [Jackman et al., 2007]. Simulations by Becker and von Savigny [2010] indicate that
the ozone cooling in the lower polar mesosphere causes changes to zonal winds and a reduction in gravity
wave drag that reduces upwelling in the polar summer mesosphere resulting in less cooling (relative heating)
compared to the case without the ozone cooling. The GSFC model used by Jackman et al. [2014] predicts a
0.8 K warming in the upper mesosphere and a 1 K cooling in the upper stratosphere and lower mesosphere
for the January 2012 SPE. If an SPE occurs during the polar summer, when polar mesospheric clouds (PMCs),
alsoknownasnoctilucentclouds, arepresent, these temperaturechangesmaycausechanges in theclouds.Von
Savignyetal. [2007] foundthatduringtheJanuary2005SPEtherewasuptoa12 K increase inuppermesospheric
temperature asmeasuredbyMLSand a 60%decrease in PMC frequency asmeasuredby the Scanning Imaging
AbsorptionSpectrometer forAtmosphericChartography.Toextendthis result tootheryears,Rahpoeetal. [2011]
lookedforcorrelations in30 yearsof theGeostationaryOperationalEnvironmentalSatellites (GOES)solarproton
ﬂuxes and the Solar Backscatter Ultraviolet (SBUV) PMC frequencies and albedos. They found weak negative
correlations with a lag of 0 to 8 days in agreement with the result of von Savigny et al. [2007]. Winkler
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et al. [2012] used a one-dimensional model forced by MLS temperatures and water vapor to study the
effects of the January 2005 SPE. They included the effects of ionization from the SPE and subsequent
proton hydrate chemistry depleting water vapor, which they found to have a minimal impact, but did
not include the ionization effects causing ozone depletion and subsequent changes in temperature.
Here we look for signatures of the 23–30 January 2012 SPE in PMCs using the Whole Atmosphere Community
Climate Model (WACCM) [Garcia et al., 2007; Marsh et al., 2013] and data from the Aeronomy of Ice in the
Mesosphere (AIM) [Russell et al., 2009] mission. Section 2 describes the WACCM model conﬁguration, while
section 3 introduces the AIM data sets used for the analysis. Model results and comparisons with the AIM data
are presented in section 4, followed by a summary and discussion of the implications of these results in
section 5, and then concluding remarks in section 6.
2. Model
WACCM is the high-top variant of the Community Earth System Model, (CESM) [Hurrell et al., 2013] from the
National Center for Atmospheric Research (NCAR) that extends to ~140 km and includes coupled photo-
chemistry. WACCM includes a parameterization that takes ionization rates derived from proton ﬂuxes mea-
sured by GOES and converts them into HOx and NOx production rates as described in Jackman et al.
[2008]. WACCM does not include a parameterization for PMCs, so we couple WACCM with the Community
Aerosol and Radiation Model for Atmospheres (CARMA) [Toon et al., 1988; Bardeen et al., 2008, 2010], a sec-
tional cloud and aerosol parameterization, to represent PMC ice particles and the meteor smoke particles
upon which they nucleate. We used a similar WACCM/CARMA conﬁguration with version 3 of WACCM
[Bardeen et al., 2010], but now use this with version 4 of WACCM. Marsh et al. [2013] describe the differences
between WACCM3 and WACCM4. WACCM4 offers several improvements over WACCM3 including 1.9° × 2.5°
horizontal resolution, support for running themodel for historical time periods by nudging themodel state to
reanalysis meteorology [Lamarque et al., 2011], and output of model data at high temporal resolution along
prescribed satellite tracks. WACCM4 does introduce a new gravity wave parameterization; however, since
PMCs are very sensitive to the gravity wave parameterization, we have reverted to the WACCM3 gravity wave
parameterization tuned similarly to Bardeen et al. [2010]. As in Bardeen et al. [2010], vertical levels have been
added providing ~300m resolution in the mesosphere to better resolve the PMC structure. To simulate 2012
conditions, GEOS5-data assimilation system reanalysis data V5.2 [Rienecker et al., 2008] is used to nudge the
winds and temperature in themodel using an ~100 h relaxation time scale; the nudging is fully applied below
20 km tapering off to no nudging above 30 km. This is done not only to recreate the historical state in the
troposphere but to still allow the winds and temperatures to respond to the changes caused by the SPE in
the upper stratosphere and mesosphere.
3. Instruments
The AIM satellite has two instruments designed to characterize PMCs: the Cloud Imaging and Particle Size
(CIPS) [McClintock et al., 2009] experiment and the Solar Occultation For Ice Experiment (SOFIE) [Gordley
et al., 2009]. CIPS is an ultraviolet imager that measures scattered radiation at 265 nmwith four nadir cameras
that acquire successive measurements of the same location at approximately seven different scattering
angles. The CIPS horizontal resolution is 25 km2, and each four-camera image covers an area of roughly
1000 km (cross track) by 2000 km (along track). We use the ice water content (IWC) from the V4.20 CIPS data
[Lumpe et al., 2013] summed daily, to provide a daily measurement of the total PMC ice mass. CIPS provides
IWC covering the polar cap, generally between about 60° and 85°. SOFIE is a solar occultation instrument that
yields vertical proﬁles of temperature, the abundance of ﬁve gaseous species (O3, H2O, CO2, CH4, and NO),
PMCs, and meteoric smoke [Gordley et al., 2009; Hervig et al., 2009a, 2009b] with ~1.8 km vertical resolution.
SOFIE determines a variety of PMC properties including ice mass density (Mice), vertical column ice water con-
tent (IWC), and the ice particle shape, size, and concentration [Hervig et al., 2009a]. Observations are taken
continuously at latitudes from 65° to 82°S (spacecraft sunset) and 65° to 82°N (sunrise), essentially following
the latitude of the day-night terminator with season. We use V1.3 SOFIE data, and for model comparisons
WACCM/CARMA is sampled at the same time and location as the SOFIE measurements. For a more detailed
discussion of comparing CIPS and SOFIE data with results from the WACCM/CARMA model see Bardeen
et al. [2010].
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4. Results
We conducted three 6-member ensemble simulations: (1) with no solar proton forcing (No SPE); (2) with the
observed forcing (SPE); and (3) with the forcing from 2012 replaced with the forcing from the 2003
“Halloween Storms” (SPEHW). The Halloween Storms are the fourth largest SPE in the last 50 years
[Jackman et al., 2008]. Relative to the January 2012 SPE, they have increased ionization and are “harder”
meaning that a greater fraction of the particles have higher energies and therefore increase ionization at
lower altitudes. Averages and variances are calculated for each of the ensembles. Additionally, two simula-
tions were done with twice (SPE2HW) and 4 times (SPE4HW) the forcing from the Halloween Storms.
First, we will look at results from the WACCM/CARMA simulations. Figure 1 shows the difference of the SH
polar cap (60°S–90°S) daily average total ice mass (top) and temperature (bottom) between the SPE and
No SPE ensemble averages from 20 January 2012 to 12 February 2012. The shading in the temperature plot
indicates areas where the temperatures in the SPE ensemble are not signiﬁcantly different, to the 90% con-
ﬁdence level, from the No SPE ensemble. The white line indicates the SPE ionization rate at 0.1 hPa used by
the model, which ranges from 0.8 to 2485 ion pairs cm3 s1. The yellow line indicates the PMC cloud height,
the altitude where the maximum ice mass density occurs. The green line indicates the height of the meso-
pause, the altitude with the minimum average temperature. During this time period WACCM/CARMA has
an average mesopause temperature of 128 K. Cooling at ~60 km caused by the SPE starts on 23 January
because of ozone destruction and maximizes at 0.8 K on 27 January when cooling also begins at PMC
Figure 1. Evolution of the SH polar cap (60°S to 90°S) daily average difference between the SPE and No SPE simulations
from 20 January 2012 to 12 February 2012 for (top) total PMC ice mass (blue line) and (bottom) temperature. Also shown
are the anomaly for this period in CIPS total ice mass (top, solid black line), SOFIE total column ice mass density (top, dotted
black line), and the 90% conﬁdence level from the No SPE ensemble (top, red lines). The CIPS and SOFIE data have been
smoothed with a 5 day running average. The lines in the temperature plot indicate the average mesopause height (green),
the average height of the maximum PMC ice mass density (yellow), and the computed SPE-induced ionization rate at
0.1 hPa (white) from the SPE simulations. The ionization rate is provided to give a qualitative indication of the timing of
the event, and thus, no scale is provided. The percentage change in SOFIE ice mass density has been scaled down by a
factor of 4 so that it will ﬁt onto the same plot as the CIPS and WACCM/CARMA results.
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altitudes. Cooling at cloud height is greater than 0.2 K from 28 January to 8 February and is signiﬁcant over
most of that period. Heating occurs at cloud height on 23 January but is only statistically signiﬁcant begin-
ning on 26 January above the cloud height. Heating is caused by reduced gravity wave drag and therefore
reduced upwelling and reduced adiabatic cooling giving a relative heating. The difference in ice mass
between the SPE and No SPE ensembles (blue line) shows a 5% decrease on 27 January, followed by a longer
period of up to a 10% increase starting on 29 January and lasting to 8 February. This model result is in good
agreement with the CIPS observed anomaly for 20 January to 12 February, calculated from the average over
the same time period, from the CIPS total ice mass (solid black line) smoothedwith a 5 day running average to
minimize the effects of other sources of variability like planetary waves. The same general pattern is also seen
in the anomaly in the SOFIE total ice mass density calculated in the same way and also smoothed over 5 days
(dotted black line); however, the variability is much larger. The value shown in Figure 1 for SOFIE is reduced by
a factor of 4 to ﬁt into the plot. Each day SOFIE makes 15 observations at one latitude per hemisphere, so it is
not surprising that it would have higher variability than the changes seen in CIPS and the model that are
using polar cap averages for each day.
While there is a small, but signiﬁcant cooling response in temperature at cloud height from the 2012 SPE, the
response in total ice mass only just reaches the signiﬁcance level for 1 day. The dotted red lines in Figure 1
indicate the 90% conﬁdence level for the total ice mass anomaly in the SPE ensemble compared to the No
SPE ensemble using a Student’s t test. To explore the response of themodel to larger SPEs, the ionization rates
for the 20 days centered on the strongest rate in the 23–30 January 2012 SPE are replaced with the rates from
the 20 days centered on the peak of the 2003 Halloween Storms. Figure 2 shows a plot similar to Figure 1 for
the difference in total ice mass and temperature between the SPEHW and No SPE cases. For the Halloween
Storms, the maximum ionization rate is 8215 ion pairs cm3 s1 at 1 hPa. The temperature differences are
larger than those in Figure 1, but at cloud height the heating is still not signiﬁcant, and the cooling has
increased to greater than 0.4 K between 29 January and 8 February for the SPEHW case, ~0.6 K for the
SPE2HW case (not shown) and ~1.0 K for the SPE4HW case (not shown). There is a small but still insigniﬁcant
decrease in ice mass early in the event, but the later cooling now causes a signiﬁcant increase in ice mass for
Figure 2. Similar to Figure 1 for the simulations where the SPE ionization rates for this time period have been replaced with
scaled amounts from the 2003 Halloween storm. Ice mass are shown for 1 times (solid blue line), 2 times (dashed blue line),
and 4 times (dotted blue line) the Halloween forcing. The temperatures are from the 1 times case. The solid black (CIPS
anomaly), dotted black (SOFIE anomaly), green (mesopause), yellow (maximum PMC ice density), white (ionization rate)
and red (90% conﬁdence level) lines are as in Figure 1.
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several days with a maximum increase of 20% in the SPEHW case (solid blue line), 25% in the SPE2HW case
(dashed blue line), and 45% in the SPE4HW case (dotted blue line).
Comparisons of the WACCM simulations with SOFIE data allow for the evaluation of the vertical structure of
ozone, temperature, ice mass, and water vapor. Figure 3 shows the evolution of the vertical proﬁles of ozone
(top row) and temperature (bottom row) fromSOFIE and themodel. For SOFIE (left), the anomaly for 20 January
to 12 February, calculated from the average over the same time 23 day period, smoothed by a 15-event (daily)
running average is plotted. For the model, the anomaly from the SPE case is plotted in the same way as the
SOFIE data (center), and the difference between the SPE and No SPE cases is also plotted using a 15-event
running average (right). The two anomaly plots allow the model and the data to be compared directly, while
the SPE-No SPE plot indicates how much of the anomaly can be attributed to the 2012 SPE. The model winds
and temperatures are nudged to meteorology below 30 km but are free running in the region of interest, so
we do not expect the variability in SOFIE andWACCM in themesosphere to be the same. SOFIE measured two
major ozone depletion events of ~0.24 ppmv on 24 January and ~0.06 ppmv on 28 January near 60 kmwhere
the maximum cooling occurs. The model result is shifted early by 12 h because of an error in specifying the
time of the daily average SPE ionization rates and has a slightly smaller depletion (~0.2 ppmv and
~0.05 ppmv, respectively). This error has since been ﬁxed; however, it is not expected to have a signiﬁcant
effect on the results so we did not repeat the simulations. SOFIE shows more variability in ozone above
Figure 3. Evolution of (top row) ozone and (bottom row) temperature anomalies from (left column) SOFIE and the (middle
column) SPE simulations along with evolution of the difference between the (right column) SPE and No SPE simulations for
the period 20 January 2012 to 12 February 2012. Data from the model are sampled at the SOFIE locations and times, and all
plots are smoothed with a 15-event (daily) running average. In all panels, the yellow line is the altitude of peak PMC ice
mass density. In Figure 3 (right column), the shading indicates areas where the difference is not signiﬁcant at the 90% level
compared to the variability in the No SPE simulations.
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85 km than the model including a loss near 90 km at the beginning of the time period and a gain at the end
that is also present in the WACCM anomaly, but this does not appear to be caused by the SPE. Large tempera-
ture anomalies exist in the upper mesosphere and lower thermosphere above cloud level, going from cooling
in the ﬁrst half of the time period to heating in the second half for both the data and the model. The altitude
of the peak in the heating anomaly is ~5 km higher in WACCM than in SOFIE and has broader vertical extent,
covering ~10 km in the model and ~5 km in the data. This heating comes from changes in gravity wave-
driven upwelling, suggesting a bias in the gravity wave parameterization in the model. The model gravity
waves were tuned to give cloud heights and cloud mass that are in agreement with observations for 2007
and 2008, and there is good agreement in cloud heights for January to February 2012. SOFIE and
WACCM/CARMA anomalies both show a transition from warming to cooling at cloud level and below, and
the SPE-No SPE difference plot indicates that some of this cooling is caused by the SPE. Comparing
Figure 1 and Figure 3 shows that the maximum cooling is in the same area as the maximum SPE-induced
ozone destruction.
Figure 4 is similar to Figure 3 but shows vertical proﬁles of ice mass density (top row) and water vapor (bot-
tom row). The anomalies in ice mass are different between SOFIE and WACCM, suggesting that sources of
variability like gravity waves [Rapp et al., 2002] and 2 day and 5 day planetary waves [Merkel et al., 2003;
Dalin et al., 2011] not reproduced identically in the model have a larger effect on daily ice mass than the
SPE. In general, there does appear to be an increase in ice mass over the period of SPE-induced cooling,
but in Figure 4 it is difﬁcult to discern over the background variability. However, Figure 1 did show an increase
in ice mass from SOFIE for this period. The SPE-No SPE difference shows an increase in ice at or just below
Figure 4. Similar to Figure 3 but for (top row) ice mass density and (bottom row) water vapor.
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cloud level that is signiﬁcant to the 90% level from 1 to 10 February; however, this difference is smaller in
magnitude than the variability suggested by the anomalies. Water vapor shows better agreement between
the SOFIE and WACCM anomalies, and much of the anomaly can be attributed to the SPE. There is a decrease
in water vapor at and above cloud level where clouds are growing and depleting the vapor, while there is an
increase in water vapor in the region below cloud level caused by the sublimation of a larger mass of cloud.
The decreases in water vapor above cloud level vary opposite to the variability in the ice mass, so it is also
responding to other forms of variability that affects the ice. For example, in the SOFIE data there are positive
water vapor anomalies at or above cloud level from 20 to 27 January and 5 to 7 February corresponding with
decreases in ice mass, and negative water vapor anomalies from 27 to 30 January and 7 to 9 February corre-
sponding with increases in ice mass. Water vapor in the sublimation region increases throughout the event,
where water vapor is building up from sedimentation and sublimation of the generally increased ice mass.
Thus, water vapor in the sublimation region, which is effectively an integral of the changes in the ice mass
over this time period, may be the most sensitive indicator of SPE effects on PMCs; however, the water vapor
observations must have sufﬁcient vertical resolution (~1 km) to separate the decrease at and above cloud
level from the increase below.
Figure5 showsa temperatureplot similar to Figure3; however, the altitude rangehasbeen limited to themeso-
sphere, the temperature contours aremore tightly spaced, and theWACCManomalyplot hasbeen replacedby
a second SOFIE anomaly plot that uses the average over the time period before the SPE (20–23 January) as the
reference temperature for the anomaly calculation. While there is a lot of background temperature varia-
bility and a strong background cooling trend over this time period, there is an indication in the SOFIE data
of the SPE-induced cooling that is seen in the WACCM/CARMA SPE-No SPE result. This is particularly appar-
ent in the center panel, where there is a somewhat “c” shaped pattern showing a transition from warm
anomalies to cold anomalies from 23 to 28 January in the location and time predicted by the model for
the onset of SPE-induced cooling. This cooling starts on 24 January at ~65 km and spreads out propagating
upward and slightly downward over the next week. While not conclusive, this may be the ﬁrst observation of
SPE-induced cooling due to reduced adiabatic heating.
5. Discussion
Previous attempts to identify effects of SPEonPMCs [von Savigny et al.,2007;Rahpoe et al.,2011] havegenerally
found heating that caused a reduction in cloud during the event. We ﬁnd that for the 23–30 January 2012 SPE
event the heating effect is minimal, but there is a prolonged cooling at cloud level that produces a signiﬁcant
increase in ice mass and water vapor in both the model and the observations. Rahpoe et al. [2011] did look for
positive correlations between SPE and SBUV cloud frequency; however, they were unable to ﬁnd a consistent
positive correlation. This may have been because of the insensitivity of SBUV, the small sample size, and the
Figure 5. Similar to Figure 3 but over a smaller altitude range, with an expanded temperature scale, and with the WACCM
anomaly plot replaced by another version of the SOFIE anomaly plot. The SOFIE anomaly plot in the center is the anomaly
compared to the average over 20–23 January, rather than the average over the period from 20 January to 12 February.
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large natural variability. Increasing the averaging to smooth out the natural variability may allow for a positive
correlation to be found, but wewould expect it to be spread out and not to be sharply peaked at any particular
lag. In our experiments, larger SPEs did not show a signiﬁcant change in the cloud loss early in the event;
however, they did show a large and signiﬁcant increase in PMCs from the later cooling. SPE-caused increases
in PMCs may be easier to detect if larger SPEs occur during the PMC season.
Our results show that the cloud altitude is above the area of maximum SPE-induced cooling and below the
area of the maximum dynamical heating, suggesting that PMCs are not sensitive to the largest temperature
changes induced by SPEs. Von Savigny et al. [2007] found an increase in MLS temperatures at 85 km during
the January 2005 SPE; however, at this altitude MLS has a vertical resolution of ~14 km [Schwartz et al.,
2008]. Thus, MLS would be unable to determine whether the dynamical heating occurred at cloud level, as
is assumed by von Savigny et al. [2007] and suggested by GSFC 2-D model for 2012 or above cloud level as
observed by SOFIE and suggested by theWACCM/CARMAmodel for 2012. Becker and von Savigny [2010] sug-
gest that their results are consistent with a heating-induced reduction in PMCs; however, their results also
show the heating occurring above the cloud level, in a region from 85 to 100 km, along with a small cooling
at cloud level consistent with our results. The level where dynamical heating occurs in the model is sensitive
to the gravity wave parameterization; however, the gravity wave-induced upwelling is responsible for creat-
ing the cold summer mesopause and the largest upwelling and changes in that upwelling are above the
mesopause. The warm temperature anomaly observed by SOFIE occurs at a lower altitude, covers a smaller
altitude range, and has a smaller magnitude than in our WACCM/CARMA or the Becker and von Savigny
[2010] simulations. These differencesmay be useful for evaluating and tuning gravity wave parameterizations.
Observations with high vertical resolution like those from SOFIE are needed to determine whether there is
heating or cooling at cloud level. The energy spectrum of an SPE will also affect the temperature response to
the SPE, where an SPE with an equivalent total proton ﬂux, but with more low energy and fewer high-energy
particles would be expected to cause less ozone destruction and less cooling in the lower mesosphere. Such
an SPE might also cause more heating near cloud level through Joule and direct particle heating.
While WACCM/CARMA indicates that SPEs cause a signiﬁcant increase in cloud ice mass, there is a large
amount of natural variability caused by gravity waves and planetary waves that is larger than the SPE-induced
variability. This makes it difﬁcult to identify SPE-induced changes in ice mass observations, particularly the
heating-induced changes that are of short duration. Water vapor in the altitude range where the clouds
are sublimating shows a larger and more consistent increase than is seen in the clouds. The water vapor con-
tinues to increase during the event, acting roughly as an integral of the ice changes over the time period.
Simulations by Winkler et al. [2012] also showed a signiﬁcant change in water vapor in the sublimation area
following the January 2005 SPE; however, they were not matched by the available MLS and MIPAS observa-
tions.Winkler et al. [2012] assumed MLS temperatures and thus predicated a decrease in PMC and a decrease
in water vapor at the sublimation area opposite to our results for the January 2012 SPE. Thus, water vapor
may be a more sensitive indicator of the impact of SPEs upon PMCs; however, the observation needs to have
a high vertical resolution. The vertical extent of the sublimation area is about 2 km and is adjacent to an area
at and above the cloud level where the change is of opposite sign. The vertical resolution of the observations
must be sufﬁcient to resolve these two areas, as they will tend to cancel out if averaged together.
6. Conclusion
Using AIM data and the WACCM/CARMA model, we have found an SPE-induced cooling that increases PMCs
in the 2weeks following the January 2012 SPE. This is opposite in sign and occurs many days later than the
SPE response seen by von Savigny et al. [2007] for the January 2005 SPE. We do see suggestions of a small
heating and loss of PMCs early in the event consistent with von Savigny et al. [2007] and Raphoe et al.
[Rahpoe et al., 2011]; however, our result is not statistically signiﬁcant and does not increase as the size of
the SPE is increased. SOFIE does suggest a larger heating anomaly on 26 January than is seen in
WACCM/CARMA, so perhaps a heating term is missing from the model or a slightly different gravity wave
tuning might produce a larger heating and reduction in ice mass. The SOFIE temperature data may show
the signature of an SPE-induced cooling in the mesosphere; however, for short time periods, it is difﬁcult
to separate SPE-induced changes from those caused by gravity waves, planetary waves, and other sources
of natural variability that can cause larger variations.
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